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RECENT LAMPF RESEARCH USING MUONS
1. N. Bradbury

Los Alamos National Laboratory

I. INTRODUCTION

The Los Alamos Meson Physics Facility (LAMPF), containing a 1-mmA, 800-MeV proton
accelerator, is a unique sounrce of high-intensity heams of protons, pions, muons, and neutrons
that can be used for research in a number of independent experimental areas. In addition to the
core programs in nuclear and particle physics, diverse experimeits have been carried ont that
address interdisciplinary and applied topics, T'hese include muon-spin-relaxation experiments
to study magnetic dynamies in spin glasses and clectronic structure in heavy-fermion supercon-
ductors; muon channeling experiments {o provide information on pion stopping sites in crystals;
tomographiic density reconstruction studies nusing proton energy loss; and radiation-effects ex-
periments to explore microstructure evolution and to characterize materials for fusion devices
and high-intensity accelerators. Also, aceelerator-related technology has heen applied to the de-
velopment of novel biomedical hyperthermia instrumentation for the treatment of deep-seated
tumors, Finally, the catalysis of the d-t fusion reaction using negative muons has heen exten-
sively investigeted with some surprising results inclnding a stronger than linear dependence of
the mesomolecnlar formation rate on target density and the observation of 150 fusions per ron
under certain conditions. Recent results in those programs involving pions and muons interacting

with matter are discossed helow,

II. MUON-SPIN-RELAXATION EXPERIMENTS

The muon-spin-rotation/relaxation (SR) research progeam utilizes accelerator-based nu-
clear physies methods to stuey selected areas of condensed matter science. ‘I'he basis of the
technique lies in the fuet that the spin evolution of a polarized muon implanted in a sample can
be experimentally determined. Measurement of the resulting mmon spin depolarization provides
i uation on the locai mognetic environment probed by the muon. Recent research at LAMPF
incaades studies of (1) relaxation mechanisms, spin dynamices, and nmon Knight shifts in heavy-
fermion superconductors (UPG UL Thy 2P, UBepy, UThy 2 Beyy) and o magnetienlly-ordered
heavy-fermion motevial (VRnaSiz)i (2) muon-spin-relaxntion processes in the anisotropic oxide
spin glass Fea' T nned (23) the natuee of mnon bonding in imagnetic oxides,

The anisofropic spin-gluss progeam involves mninly the stady of the Fey JTigy O (psen-
dobrookite) syatem, ''he chavacteristies of the magnetic dynnmices in the longitadinnl (|| ¢-nxis)
and teansverse spin diveetions have heen investipnted in bhoth zero field and transverse fields,

The temperature dependences of the mnon initind spin polarization and relaxation rate cleapiy



rever! he spin-freezing process near the glass temperature of about 41 K and the transverse-spin
ordering near 7 K./1/

Magnetite (I'e304) is a mixed-valenee oxide that undergoes a metal-to-insnlator transition at
the Verwey temperature, T, = 125 K. The cause of this transition and the conduction mechanism
near room temperature are not well understood, Muon-spin-relaxation studies at LANPT with
and without external magnetic ficlds have provided evidence that phonon-assisted electron hop-
ping is the principal conduction mechanism above T, with magnetite being in the Wigner-glass
state./2/

There is much current interest in heavy-feriion systems which possess unusual supercon-
ducting states and a strong sensitivity to impurity doping. At LAMPT measurements of muon
Knight shift and mnon-spin-relaxation rate have heen made on two superconductors, UBey; and
UPts, in both the pure state and with thorimn doping. For UPty, the ;iR results/34/ indicate
that very slow spin fluctuations (~10"% s 1) exist helow about 4 K in zero applied field, which is
quite remarkable, since TPty shows no evidenee for magnetic ordering. These data complement
those from neutron scattering experiments in which AFM spin fluctuation rates greater than
10! s 1 Lave been observed, A magnetic phase transition in Ug gs'T'hg.os’t3 at 6.5 K is observed
in the pSR spectra but there is no evidence for such non-nuclear magnetism in the Ug gpThe o1 Pty
above o KK,

The muon Knight shift, I, provides a measure of the local magnetic susceptibility, which
is modified in the supercondueting state in a manner dependent upon the nature of the elec-
tronic spin pairing. K, has bheen measured in the normal and supercondueting states of three
Uy 2 Th,yBeyy alloys with x 0, x 0,01, x 0.033./%5/ T'he K, data are shown in Fig. 1. The
decrense of |K,| for x 0 and 0,01 together with the ubrence of a decrease for x=0.033 indi-
cates conventional superconductivity combined with strong spin-ilip scattering by 'I'h impurities.
However, sinee this interpretation is not consistent w'th data from polarized neutron scattering
experiments, il is possible that the K, decrense is die to the onset of the heavy-clectron state
ingtend of the supercondncting state,

The temperature dependence of the zero-licld relaxation rate of Uy 2 Th, Beya is shown in Fig,
2, There is clear evidence [or the onset of magoetisim ot the seconed phasge iransition ('T'.g=<0.1K)
in the superconducting state for x - 0.08, 'The pesults imply wsmall ovdered yoment (- 10 3,8/
atom), un order of magnitude smaller than the atifercomagnetism suggested by altrasound atten-
wation, ‘This conled indiente the existence of an exotiec supercondncting state which itself possesses
0 magnetic moment,

Future experiments in this aren ot LAMPEF will inelnde new mensarements ol muon
Kuight <hifts and mnon spin-relaxation rates in the high temperature superconduaeting materinl

GdBngCuy ),



III. MUON CHANNELING IN SEMICONDUCTORS

The cffects of hydrogen and ilie lichter hydrogen-like particles (nmons aned pions) em the
properties of semiconductors are of considerable interest. In spite of extensive research using a
number of different “standard” techniques like infrared and Raman spectroscopy, EPR, hydrogen
passivation experiments, and muon spin relaxation, no consistent picture of hydrogen as a point
defect in semicendnc ors has emerged. In recent years the technigue of muon channeling has
been developed successfully to study the ervstallographic sites of pions, acting as positive point
charges, in metals/® and hoth high purity/?/ and doped/®/ semiconductors.

In semiconductors, as opposed to metals, point defects can come in dilferent charge states
provided they feature a donor (D) and/or an acceptor level (A7) in the band gap. Using a
pion beam these charge states would be 7! (ionized donor), Pi (neutral pionium, the analog state
{o muonium or atomic hydrogen) and P’i  (analog state to ¢ or 117, ionized acceptor). Then
the position of the Fermi level with respect to the impurity level determines the actual charge
state of the impurity. An experiment was carried cut at LAMPF to study the charge states of
pioninm in semiconductors including the possibility of bistability in the pionium-Ge system.

Positive pions were implanted in a single-crystal Ge target where they decayed yielding mnons
with 4.12-MeV energy. The order of 10 % of these muons undergo channeling along the - 110 -
crystallographic direction, giving rise to an angular distribution denending on the 7t decay site.
At a distance of 12.5 m from the sample the nmon angular distribution was monitored by a two-
dimensional, position-sensitive seintillation detector with a spatial resolution of 1.8 cm (yielding
an angnlar resolntion of 0.0837) and an energy resolution of 390 keV. The Cie crystal was oriented
such that its - 110 - axes pointed toward the center of the detector. In order to produce a large
coticentration of excess charge carriers without introducing impurities that imight act as pion traps
(as in a heavily doped sample), radintion from a high-intensity tungsten lamp was directed onto
the sample surface. To take advantage of the time structure of the LAMPF pion beam (pulse
repetition rate 120 Hz, pulse length - 750 ps), the light was chopped so that each light pulse
overlapped alternate pion pulses striking the erystal. This technique resulted in a high earrier
concentration when the light was on and, becanse of rapid gurfoce and bulk recombination, an
intrinsic coneent ration when the light was off,

A defeet is called histable if it ocenpies two diflerent crystallographic sites associnted with
its ditferent charge states, [For example, in an nceeptor level, 'Emay he on eeystallographic site
o aed Pioon site 45 inac donor level, Piowondd he onsite o but w! ongite 9.] As a consequenee
n histable defeet is expected to chinnge charge state if the Fermi level is raised from below the
impurity level to nhove the impurity level, and also change its crystallographic site, This change
from site o to site 4 or site o to site 3 shionld lead to a signiliennt change in muon choanneling

viclds whenever the Fermi level position is changed from o = By (valenee band) to op =~



(conduction band). The position of the Fermi level can be altered by (a) by doping, (b) by
injection of minority carricrs (i.e., illimination with light above hand gap energy) aned (¢) hy a
change in temperature.

Muon channeling profiles for the - 110 - direction in high purity germanium are presented in
IFig. 3 for bhoth light on and light off conditions. The concentration of (unavoidable) electrically

1, according to Hall effect measurements. Thus the

active impurilies is of the order of 10'' cm
position of the Fermi level will be ep x> I7, 4 0.11 eV at 100 K and e¢g = E; (midgap) at 200
K in the case of light ofl. Tor light-on conditions the number of free carriers is estimated to
be 101%%! em™3 so that the position of the quasi-Fermi level for electrons should be close to
the conduction band (yg 5\\)[‘.‘,.) and the quasi-Fernii level for holes close to the valence band
(b o Eu).

At 100 K distinctly different channeling profiles are observed for light-on and light-off con-li-
tions, a strong indication that. pion sites depend on the position of the Fermi level. Thus, the light
isotope pioninm appears to form a bistable defect in Ge, wnich in turn provides evidence for a
donor and/or acceptor level in the gap. 'This is bhetieved 1o be the first report of electrical activity
of hydrogen isotopes in semiconductors. Experimei:te performe: at SIN show a similar difference

"Pem~4) p and n type material, which confirms the observation

between intentionally doped (1€
of histability of pionium in germanium.

At 200 K there is no significant site change upon illumination. Similarly, little difference in
munon yield for n and p-type material is found at aronnd 200 K in the SIN experiment. Therefore,
il is likely that the charge state observed at 100 K for ep % F. (i.e. for light on conditions or
n-{ype material) is not stable at higher temperatures,

The experimental data are still insufficient to determine unambignonsly the actual charge
states involved in the observed site change at 100 K, as weli as the location of the sites. It is
not clear if the observations represent n transition from Pi to Pi~ (i.e. an acceptor level) or a
transition from ! to PN (i.e. n donor level in the gap). However, it is clear from channeling
theory that in p type materinl (e - F)) tetrabedral and/or hexahedral sites are preferred (i.e.
sites close to the center of the - 110 - channel, giving rise to & narrow channeling peak) whereas
in nAype materinl (g FL) nutibond or hond center sites (i.e. rites at off-center positions in the

110 - channel) geem to be oceupicd. Fature experiments are expected (o identify the charge

states and their erysiallograpliie sites and locate the pioninm levels in the gap more precisely.

IV. MUGN CATALYSIE OF THE d-t REACTION
Muoms stopping, in mixtures of denterinnm and tritinm ean induce the fusion reaction
oo td bt g Me a1 176 MeV. The process occurs throngh eapture of the

it by d oty divreversible transfer of the g o 1, snd formation of the muonic molecule dige,



which leads to the fusion reaction. The dt; formation rate is very large compared to the muon
lifetime because of resonances in the reaction tp - Da = [(dtp d2¢)]¥. The mmon is nsnally
free alter the fusion to initiate ihe cycle again, but the ultimate number of fusions catalyzed by
a single muon is basically limited by the small probability (<< 1%) of the muon sticki.ig to the
emitted alpha. The parameters of mmnon catalysis are being measured at LAMPF by a Brigham
Young University-Los Alamos-INEL collaboration./?/ Data have heen collected over a wide range
of target temperature, density, and tritinm concentrations, with soine surprising and interesting
results: (1) The cycling rate, and therefore the yield of 11 MeV neutrons, continues to rise at the
highest tetuperature reached (800 K). (2) Rather than being simply proportional to density, the
cycling rate increases more rapidly with density than the first power, indicating the importance
of three-body reactions. (3) The apparent maon sticking probability is considerably less than
theoretical predictions. So far, 150 fusions/muon have been observed with a liquid d-t target,
and 250 fusions/muon may be attainable with a high-density (up to 15C,000 psi) target under
construction. In addition, altempts are being made to measure the u - o sticking probability
directly, by .bserving the recoiling (s a**) ion using a surface barrier detector and a very low
density d-t iarget.

The experimental program at LAMPF has invoived a study of the muon-catalyzed fusion
process over a wide range of temperature, target density, and tritium concentration. A typical
arrangement of the experimental apparatus is depicted in Fig. 4. A collimated beam of negative
mnons passes {hrough a three-clement seintillator telescope and enters the target. The target
vessel is constructed of A-286 stainless steel with the inside wall gold-plated to reduce hydrogen
permeation into the metal. Provisions are inclucded for resistive heating and liquid-helium cooling.
Measurenients have bheen made in the temperature range 20 - 800 K and at densities up to 1.3 times
the liquid hydrogen deusity (pressure of 3000 atmospheres). 'I'he signature of an event includes
identification of the time-ordered sequence of the muon arrival in the target, one or more fusion
neutrons in the liquid scintillator counters, and, finally, detection of the muon-decay electron in
one of the thin plastic seintillators in front of the neutron connters. Pulse-shape discrimination
techniques are used to identify the fusion veitrons and the efficiencies of the neutron detectors
are established in separate experiments,

The temperature dependence of the mmon cyeling rate is shown in Fig. 5. The cycling rate
continues to inerease up to the highest measurement point at 200 K; recent theoretical ealenlations
1 ndicate the peak may be near 1200 K, The mesomoleenlar formation rate Ndip o exhibits
a strong dependence upon both temperature and density with the density variation displayed in
Fig. 6. Since Ay, g i8 normalized by convention to liquid hydrogen density it is clear that the
rate is increasing mneh fuster than linearly with target density. ‘This behavior is consistent with

significant dtye Tormation throngh theee-hody collisions./*" The singlet tpe 1 Dy collisions have



their strongest resonances slightly below threshold. These resonances are inaccesible through
two-body collisions. By removing some kinetic energy a third hoadz can move these resananees
above thireshold, thus leading to an enhancement of the formation rate. Finally, the data from
the LAMPTI experiments can be used to extiract the probability for the muon to stick to the alpha
particle after the fusion reaction. This process ultimately limits the number of fusions that can
be achieved by a single muon and is thus of considerable importance. The a-sticking coeflicient
as a function of density is shown in Fig. 7. The value of about 0.4% at high deneity is confirmed
by experiments at other institutions and is significantly less than recent theoretical predictions.
The density dependence of the sticking coeflicient extracted from the data is not understood nor
is it corroborated at this time by data from experiments at SIN,

Future experiments at LAMPF are planned in three distinet areas. First, measurements will
be made of the rate of muon scavenging hy *He. These data will allow a separate determination
of the molecular formation rate and the effective d -» t transfer rate. Second, measurements of
the muon cycling rate and number of fusions per muon will be made at a density of 2.4 times
liquid-hydrogen density (pressure up to 10,000 atmospheres) nsing a new target that clearly must
contain state-of-the-art design and fabrication. At this density more than 200 [usions per muon
may be observed. Finally, a direct measurement of the -y sticking probability will be attempted.
The d-{ gas, at room temperature and at a pressure of ahout 500 Torr, is contained in a {lask inside
a container filled with Da. After fusion the nentron and the « (or o) recoil back-to-back. The «
exits through a very thin mylar window. The neutron is detected in a liquid scintillator and the
o in a Si surface-barrier detector. The at't are degraded in energy much more rapidly than the
(age) ', thus permitting their separate identification. A narrow time-of-flight window hetween the
neutron detector and the Si detector should greatly reduce background. Direct measurement of
the ov - g sticking probability is an important. step in evaluating the potential of mmon-catalyzed

fusion for energy production.
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Fig. 1 Dependence of the muon Knight shift on temperature for U;_.Th,Beys. The x=0 supercon-
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Fig. 5 Temperature dependence of the muon catalysis cycling rate \..

Fig. 6 Density dependence of the normalized molecular formation rate Agey-q for T -
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